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Abstract
Profilin I was identified, by mass spectrometric sequencing and immunoblotting, as a component of purified Golgi
cisternae from HepG2 cells. Binding to the Golgi was verified by indirect immunofluorescence in MT-1 cells showing that a
fraction of profilin I colocalizes with TGN38, a marker of the trans-Golgi network (TGN). Studying the formation of
constitutive exocytic vesicles at the TGN in a cell-free system demonstrated that cytosolic profilin I has no effect, while
incubation of Golgi cisternae with a profilin I-specific antibody reduced vesicle formation by about 50%. Notably, the
antibody displaces a fraction of the Golgi-bound dynamin II indicating that profilin I may indirectly promote vesicle
formation by supporting the binding of dynamin II to the Golgi membrane. The impact of dynamin II on vesicle formation is
demonstrated by incubating the Golgi with the proline-rich domain of dynamin II which concomitantly displaces dynamin II
and inhibits vesicle formation. The data provide evidence that profilin I attaches to the Golgi apparatus and is required for
the formation of constitutive transport vesicles. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Mammalian pro¢lin I and pro¢lin II belong to a
family of 12^15-kDa proteins expressed in all eu-
karyotes. Pro¢lin I was ¢rst characterized by its abil-
ity to form a 1:1 complex with G-actin [1] ; later it
was recognized to stabilize micro¢laments [2,3] and
to regulate micro¢lament dynamics (for a review
compare [4]). Notably, pro¢lins are also able to in-
teract with phosphoinositol-3,4-bisphosphate, phos-
phoinositol-3,4,5-trisphosphate [5] and phosphoinosi-
tol-4,5-bisphosphate [6]. By means of a third binding
site, pro¢lin I is able to interact with proline-rich
domains, exempli¢ed for VASP [7], Mena, drebrin,
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gephyrin [8,9] and dynamin I [10]. In accordance
with its binding to proteins and lipids, pro¢lin lo-
cates to highly dynamic micro¢laments of ¢broblasts
and epithelial cells [2,3,11], but attaches also to plas-
ma membrane areas to which micro¢laments are
bound and to others free of actin [11,12]. Since yeast
pro¢lin was found to be involved in targeting or
fusion of secretory vesicles [13,14], we reasoned
that pro¢lin may also function at Golgi membranes.
After separation of Golgi proteins by two-dimen-
sional gel electrophoresis, pro¢lin I was identi¢ed by
immunoblotting and by mass spectrometric sequenc-
ing. Indirect immuno£uorescence showed that pro¢-
lin I colocalizes with TGN38 at the TGN. Functional
studies, using an in vitro system mediating vesicle
formation at the TGN, provided for the ¢rst time
evidence that pro¢lin I (possibly by supporting the
binding of dynamin II to the Golgi) may indirectly
promote formation of constitutive secretory vesicles.
2. Materials and methods
2.1. Materials
The monoclonal antibody 2H11 to pro¢lin I was
kindly provided by Dr. B.M. Jockusch (Zoological
Institute, Technical University of Braunschweig,
Germany) and puri¢ed on protein G Sepharose
[15]. Polyclonal antibodies to C-terminal peptides
of TGN38 and dynamin II were raised in rabbits
[16] and a⁄nity-puri¢ed as described [17].
2.2. Methods
2.2.1. Preparation of dynamin II domains
By performing PCR using the cDNA of dynamin
II [18] we cloned the proline-rich domain (PRD)
and the pleckstrin-homology domain. After insertion
into pET30a(+) vector (Calbiochem-Novabiochem,
Schwalbach, Germany), proteins were expressed in
Escherichia coli (Dong et al., in preparation).
2.2.2. Cell culture
HepG2 cells were cultivated in DMEM (Gibco,
Eggenstein, Germany) with 10% fetal calf serum in
cell culture dishes coated with collagen S (Roche
Diagnostics, Mannheim, Germany). Human mam-
mary tumor cell line MT-1 [19] was cultivated in
RPMI medium with 10% fetal calf serum. For im-
muno£uorescence studies, cells were grown in glass
chamber slides (Nunc, Naperville, IL) coated with
collagen S.
2.2.3. Immuno£uorescence microscopy
HepG2 cells and MT-1 cells were permeabilized in
140 mM KCl, 2 mM MgCl2, 1 mM CaCl2, 20 mM
piperazine-N,NP-bis[2-ethanesulfonic acid] (PIPES),
pH 6.8, and 20 Wg/ml digitonin for 10 min at 25‡C
and rinsed with phosphate-bu¡ered saline (PBS) con-
taining 100 mM sodium chloride, 20 mM sodium
phosphate (pH 7.2). Cells were ¢xed with 3% para-
formaldehyde in 0.1 M sodium phosphate (pH 7.0)
for 30 min [20], quenched with 0.1 M Tris^glycine
bu¡er (pH 7.5), blocked with 1% bovine serum albu-
min in PBS containing 0.05% Tween 20 and incu-
bated in the following order: ¢rst, the monoclonal
antibody to pro¢lin I; second, a Cy2-labeled anti-
mouse immunoglobulin G (IgG) antibody; third, a
polyclonal antibody to TGN38; fourth, a Cy3-la-
beled anti-rabbit IgG antibody. Fluorescence was de-
tected with a confocal laser scan microscope (Nikon
Diaphot, Bio-Rad MRC1024) operating with an ar-
gon/krypton laser. Omission of the antibody speci¢c
for pro¢lin I or TGN38 completely abolished £uo-
rescent staining (not shown).
2.2.4. Golgi preparation and in vitro formation of
transport vesicles
After metabolic labeling of heparan sulfate proteo-
glycans (HSPG) in the TGN of HepG2 cells with
[35S]sulfate according to [21], Golgi-enriched mem-
branes were prepared and the absence of contaminat-
ing endoplasmic reticulum and plasma membrane
was tested [22]. Formation of constitutive transport
vesicles by incubation of Golgi preparations with cy-
tosol, ATP, GTP and an ATP-regenerating system at
37‡C was done according to [21]. Newly formed
vesicles were separated from Golgi by di¡erential
centrifugation and labeled HSPG were assayed as
described [23]. By comparing vesicle labeling with
total labeling, the ratios of packaging of HSPG
into vesicles were calculated. After subtracting back-
ground values observed at 0‡C, packaging ratios in
standard assays amounted to 25^30%. To compare
inhibitory e¡ects, standard packaging ratios, which
BBAMCR 14642 6-7-00 Cyaan Magenta Geel Zwart
J. Dong et al. / Biochimica et Biophysica Acta 1497 (2000) 253^260254
were taken as a measure for vesicle formation, were
set to 100 and values of at least three independent
inhibition experiments were used to calculate mean
values and standard deviations (compare Fig. 3). As
controls, we added a preimmune serum or an anti-
body to VAMP2, a Golgi-associated protein, to the
assays: in neither case, was the formation of trans-
port vesicles impaired.
2.2.5. Release of dynamin II from Golgi membranes
Golgi cisternae (representing 20 Wg protein) were
incubated in bu¡er containing either 25 or 150 mM
potassium acetate and 1 mM ATP, 0.1 mM GTP,
2.4 mM MgCl2, 0.1 mM EDTA, 0.1 mM DTE and
20 mM N-[2-hydroxyethyl)piperazine-NP-[2-ethane-
sulfonic acid] (HEPES), pH 7.2 for 30 min at 37‡C,
without addition or in the presence of 7.5 Wg of the
proline-rich domain of dynamin II expressed in
E. coli or with addition of 1.5 Wg monoclonal anti-
body to pro¢lin I. Golgi cisternae were pelleted for
15 min at 14 000Ug. Proteins in the supernatant were
collected on Strataclean resin (Stratagene, Amster-
dam, The Netherlands), extracted with SDS and sep-
arated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS^PAGE). Thereafter, proteins
were blotted onto NC membrane (Protran BA85,
Schleicher and Schu«ll, Dassel, Germany) and probed
with a polyclonal antibody recognizing the C-termi-
nus of dynamin II [16] or with the monoclonal anti-
body to pro¢lin I.
2.2.6. Isolation of pro¢lin I
Pro¢lin was isolated from a 100 000Ug superna-
tant of HepG2 cell extracts basically as described
[24]. The supernatant was circulated over poly-L-pro-
line Sepharose [25] and ¢nally saved to be used as
pro¢lin I-free cytosolic protein for the in vitro bud-
ding assay. After washing the column with 3 M urea,
pro¢lin I was eluted with 8 M urea, dialyzed ¢rst
against 10 mM HEPES-KOH (pH 7.2), 0.1 mM
EDTA, 0.2 mM dithioerythrol (DTE), and then
against the same bu¡er containing 50% glycerol
and ¢nally stored at 320‡C.
2.2.7. Two-dimensional gel electrophoresis of Golgi
proteins
Protein electrophoresis was performed according
to [26] with some modi¢cations: Golgi membrane
pellets were extracted with a bu¡er containing 8.33
M urea, 2.0 M thiourea, 65 mM 3-[(3-cholamidopro-
pyl)dimethylammonio]-1-propane-sulfonate
(CHAPS), 10 mM DTE and 0.5% Pharmalyte 3^10
(Pharmacia, Freiburg, Germany) according to [27^
29]. Insoluble material was removed by centrifuga-
tion for 30 min at 100 000Ug. Supernatants were
equilibrated with dry immobilon strips (Pharmacia,
Freiburg, Germany) overnight and electrofocusing
was carried out for 1 h at 400 V and 25 h at
3600 V. Strips were equilibrated with a bu¡er con-
taining 1% SDS, 12.5 mM Tris, pH 6.8, 65 mM
DTE, 80 WM EDTA and 30% glycerol for 10 min
and after addition of 0.26 M iodoacetamide for addi-
tional 10 min. Proteins were separated in the second
dimension by SDS^PAGE using a 7.5^15% polyac-
rylamide gradient gel. Electrophoresis was run for
3^4 h at 300 V and gels were silver-stained [30] or
blotted. Protein blots were blocked with 5% non-fat
dry milk and 0.05% Tween 20 in PBS, incubated with
the pro¢lin I-speci¢c antibody and anti-mouse IgG
peroxidase conjugate. Bound peroxidase conjugate
and marker proteins were detected using the Photo-
tope Western detection kit (New England Biolabs,
Schwalbach, Germany).
2.2.8. Pro¢lin I identi¢cation by nanoelectrospray
mass spectrometry
Protein spots were excised from Coomassie blue-
stained two-dimensional patterns. Proteins were di-
gested with trypsin (Promega, Madison, WI, USA) in
the gel according to [31]. Peptides were desalted by
binding to reversed phase material RP18 ¢lled in
Eppendorf tubes and eluted with 5^10 Wl 60% aceto-
nitrile containing 0.1% tri£uoroacetic acid. For tan-
dem mass spectrometry experiments, a nanospray
ionization hybrid quadrupole time-of-£ight mass
spectrometer (Q-Tof, Micromass, Manchester, UK)
equipped with a nano£ow Z-spray probe was used.
The nano£ow source was operated at a temperature
of 30‡C with a nitrogen drying gas £ow of about
50 l/h. A potential of 1.3 kV was applied to the
nano£ow borosilicate glass capillary resulting in a
£ow rate of 30 nl/min. A collision energy of 28^
35 V depending on the charge state of the parent
ions was used. An aliquot of 1 Wl peptide mixture
was su⁄cient for an MS spectrum and MS/MS ex-
periments to get sequence information directly from
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the peptide mixture. For protein identi¢cation, we
used the sequence tag program which combines par-
tial manual spectrum interpretation of three amino
acids (sequence tag) with the residual N-terminal and
C-terminal masses of the interpreted region and the
peptide mass. This information was then used for a
search in a non-redundant translated nucleotide da-
tabase [32].
3. Results and discussion
3.1. Identi¢cation of pro¢lin I attached to Golgi
membranes by mass spectrometric sequencing and
immunoblotting
Golgi-enriched membranes, free of endoplasmic
reticulum and plasma membranes were isolated
from HepG2 cells as described [22]. Proteins ex-
tracted by a bu¡er containing 8.3 M urea and 2 M
thiourea were separated by two-dimensional gel elec-
trophoresis (Fig. 1). Probing of blots of the area
depicted in Fig. 1A with a pro¢lin I-speci¢c antibody
resulted in labeling of a prominent basic protein of
15 kDa (Fig. 1B). To further con¢rm its identity, the
protein spot was analyzed by tandem mass spectrom-
etry. Characterization of the peptide TFVNIP-
TAEVGVLVGK that corresponds to amino acids
38^53 of pro¢lin I con¢rmed the immunological
identi¢cation of the protein.
3.2. Cellular localization of pro¢lin I analyzed by
indirect immuno£uorescence
To study the cellular localization of pro¢lin I,
HepG2 cells and mouse breast cancer cells MT-1
were cultivated on collagen S-coated glass chamber
slides for 24 h, permeabilized by treatment with dig-
itonin, ¢xed with paraformaldehyde [20] and incu-
bated ¢rst with the monoclonal antibody to pro¢lin
I. Bound antibodies were visualized by binding anti-
mouse IgG conjugated with Cy2. In HepG2 cells, the
concentration of cytoplasmic pro¢lin I exceeds that
of Golgi-bound pro¢lin I by a factor of ¢ve as de-
termined by Western blotting (not shown). Although
digitonin permeabilization of cells reduced cytoplas-
mic labeling, the Golgi labeling of HepG2 cells is still
obscured (not shown). We therefore used MT-1 cells
that express only low levels of pro¢lin I (S. Scher-
neck, unpublished). Immunostaining of MT-1 cells
Fig. 1. Two-dimensional electrophoresis of proteins extracted from HepG2 cell Golgi preparation. The position of pro¢lin I is indi-
cated by an arrow in A. Probing the corresponding blot with a monoclonal antibody identi¢es pro¢lin I as a homogeneous protein
(B). Actin is marked by a white arrow head. Biotinylated broad range protein markers (New England Biolabs, Schwalbach, Germany)
are indicated on the left (kDa).
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for pro¢lin I results in a distinct labeling of the peri-
nuclear area (Fig. 2A). Comparing the pro¢lin I
staining with that of the Golgi-speci¢c protein
TGN38 (Fig. 2B) by confocal microscopy shows a
partial colocalization of both proteins indicated by
a yellow stain (Fig. 2C). The colocalization is most
pronounced in the Golgi area adjacent to the nu-
cleus. The ¢nding supports the cell fractionation
data demonstrating that a fraction of pro¢lin I is
bound to the Golgi. No colocalization is observed
in the peripheral regions of the cells. A staining of
the nuclear matrix for pro¢lin I, as can be recognized
in Fig. 2A,C, has been described before for PtK2
cells [2].
3.3. Pro¢lin I is required for the formation of
constitutive HSPG-containing vesicles
Since actin was found to be one of the major pro-
teins of Golgi preparations (compare Fig. 1), pro¢lin
I could either be bound to actin [2,11] or may attach
to phosphoinositides of the Golgi membrane [6,33].
In the latter case, pro¢lin I, that colocalizes with
TGN38 at the TGN, could have an impact on a
major function of the TGN ^ namely the constitutive
export of heparan sulfate proteoglycans (HSPG).
Packaging of [35S]sulfate-labeled HSPG into vesicles
can be measured employing an in vitro system orig-
inally designed by [21] and adapted by us for use of
Golgi-enriched membranes and cytosolic proteins
[22]. Since both forms of pro¢lin I, the membrane-
bound and the cytosolic form may have di¡erent
e¡ects on vesicle formation, we tested them sepa-
rately. For this purpose, pro¢lin I was depleted
from cytosol by binding to poly-L-proline Sepharose
[24]. The bound pro¢lin I can be recovered by elution
with urea in an almost pure form and refolds upon
dialysis as can be concluded from reported microin-
jection experiments using NRK cells [24]. In our
vesicle budding assays, neither depletion of pro¢lin
I nor addition of the puri¢ed protein had any impact
on the formation of constitutive transport vesicles at
the TGN (not shown) indicating that cytosolic pro-
¢lin I is not required for and also does not inhibit
formation of constitutive transport vesicles.
In a second set of experiments, functions of Golgi-
bound pro¢lin I were tested. For this purpose, iso-
lated Golgi membranes were incubated with increas-
ing amounts of the monoclonal antibody to pro¢lin
I. After addition of cytosol and nucleotides, a dose-
dependent reduction of vesicle formation was ob-
served (Fig. 3A, circles). In control experiments, ad-
dition of the antibody together with isolated pro¢lin
I almost completely reverted the inhibition (Fig. 3A,
squares). The results provide, for the ¢rst time, evi-
dence that the Golgi-bound pro¢lin I is required for
the formation of constitutive transport vesicles at the
TGN.
Fig. 2. Pro¢lin I (A,C) colocalizes with TGN38, a Golgi marker protein (B,C) in MT-1 cells. Digitonin-permeabilized MT-1 cells were
¢xed and incubated in the following order: ¢rst, the monoclonal antibody to pro¢lin I; second, a Cy2-labeled antibody to mouse
IgG; third, a polyclonal antibody to TGN38; fourth, a cyanine-3-labeled antibody to rabbit IgG. Confocal micrographs were taken
by a laser scan microscope (Nikon Diaphot, Bio-Rad MRC1024) and colocalization of Cy2- (green) and Cy3-labeled structures (red)
is indicated by yellow staining.
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3.4. Pro¢lin I may have an impact on the interaction
between dynamin II and Golgi membranes
Two ¢ndings suggest that pro¢lin I may in£uence
vesicle biogenesis : ¢rst, pro¢lin II, and to a lesser
degree pro¢lin I, were shown to interact with dyna-
min I [10] and second, a dynamin-speci¢c antibody
inhibited vesicle formation at the TGN ([34] and
Dong et al., unpublished) indicating that a member
of the dynamin family, possibly dynamin II, plays an
essential role in vesicle formation at the TGN. On
the basis of these ¢ndings, we hypothesized that Gol-
gi-bound pro¢lin I may interact with dynamin II and
could indirectly support vesicle formation.
The most likely site of dynamin II which could
mediate the presumed interaction with pro¢lin I is
the proline-rich domain (PRD). To test the hypoth-
esis that binding of dynamin II via its PRD is needed
for vesicle formation, we added puri¢ed PRD to the
in vitro system and measured the formation of
HSPG-containing vesicles: addition of increasing
concentrations of PRD resulted in a remarkable re-
duction of the budding e⁄ciency (Fig. 3B, circles).
As a control, the pleckstrin homology domain of
dynamin II was added which did not in£uence vesicle
formation (Fig. 3B, squares). The data show that
dynamin II binds via its PRD to the Golgi mem-
brane and that binding of dynamin II is essential
for vesicle formation.
To prove that pro¢lin I is required for binding of
dynamin II to the Golgi membrane, we determined
the amounts of both proteins detached by incubation
under conditions used for in vitro vesicle formation.
First, Golgi cisternae were incubated with bu¡er in
the presence of ATP and GTP and isolated super-
natant proteins were analyzed by Western blotting.
These experiments demonstrated that pro¢lin I was
not released (not shown) and only traces of dynamin
II were detached from Golgi membranes under con-
ditions of vesicle formation (Fig. 4, lanes 1 and 2).
On the contrary, dynamin II was markedly released
upon incubation of Golgi cisternae with puri¢ed
PRD at 25 mM potassium acetate (Fig. 4, lane 3)
and even more pronounced at 150 mM potassium
acetate (Fig. 4, lane 4) indicating that the PRD is
involved in binding of dynamin II to the Golgi. A
release of about half of the Golgi-bound dynamin II
corresponds with an inhibition of vesicle budding by
50^60% (Fig. 3B) and may provide a second line of
evidence supporting the importance of Golgi-bound
dynamin II for the vesicle formation at the TGN (J.
Dong et al., in preparation).
The release of dynamin II upon incubation of Gol-
gi cisternae with the PRD allows us to conclude that
this domain has a major impact on binding of dyna-
min II to the Golgi. The corresponding binding site
may contain pro¢lin I, as was shown by addition of
the pro¢lin I-speci¢c antibody which did not reduce
the quantity of bound pro¢lin I (not shown) but
Fig. 3. Formation of HSPG-containing vesicles at the TGN de-
pends on pro¢lin I. Constitutive exocytic vesicle formation was
measured as described in the Section 2. Preincubation of Golgi
cisternae with increasing amounts of the monoclonal antibody
to pro¢lin I reduced vesicle formation (circles in A). The addi-
tion of 10 Wg puri¢ed pro¢lin I together with the antibody re-
verted the inhibition (squares in A). Addition of increasing con-
centrations of PRD of dynamin II to the budding assay
resulted in a reduction of HSPG vesicle formation (circles in
B). As a control, the pleckstrin-homology domain of dynamin
II was added (squares in B) which did not show any e¡ect on
vesicle formation. Each value represents the mean þ S.E.M. of
three independent experiments.
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released a fraction of dynamin II both by incubation
at 25 mM and at 150 mM potassium acetate (Fig. 4,
lanes 5 and 6). Supposing a direct interaction be-
tween the PRD of dynamin II and pro¢lin I, the
poly-L-proline binding site of pro¢lin I [4] could be
involved. Binding studies using cytosolic pro¢lin I
and immobilized PRD did not show stable binding
(data not shown) indicating that this interaction may
not be su⁄cient to attach dynamin II ¢rmly to the
Golgi membrane. Whether or not the other domains
of dynamin II may contribute to the binding is still
speculative. The attachment of the pleckstrin-homol-
ogy domain of dynamin II to Golgi membranes (data
not shown) indicates that lipids which bind speci¢-
cally to the pleckstrin-homology domain [35,36] may
additionally stabilize the binding of dynamin II to
the Golgi. A similar stabilizing e¡ect has been ob-
served for EEA1 which binds simultaneously to
phosphatidylinositol-3-phosphate and Rab5-GTP at
the plasma membrane [37]. In addition, binding of
pro¢lin I to lipids [6,33,38,39] or to other membrane
proteins may change the conformation of the poly-L-
proline binding site which could result in an im-
provement of PRD binding. Although a direct phys-
ical contact between pro¢lin I and dynamin II has
not been proven, indirect evidence was obtained that
pro¢lin I promotes the attachment of dynamin II to
the Golgi membrane which could explain the require-
ment of pro¢lin I for the formation of constitutive
transport vesicles at the TGN.
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